We report the results of molecular dynamics simulations of the protein myosin carried out with an elastic network model. Quenching the system, we observe glassy behavior of a density correlation function and a density response function that are often investigated in structure glasses and spin glasses. In the equilibrium, the fluctuation-response relation, a representative relation of the fluctuation-dissipation theorem, holds that the ratio of the density correlation function to the density response function is equal to the temperature of the environment. We show that in the quenched system that we study, this relation can be violated. In the case that this relation does not hold, this ratio can be regarded as an effective temperature. We find that this effective temperature of myosin is higher than the temperature of the environment. We discuss the relation between this effective temperature and energy transduction that occurs after ATP hydrolysis in the myosin molecule.
I. INTRODUCTION
Proteins possess complex structures and, consequently, complex motion. Such complexity might be necessary to carry out the functions exhibited by living organisms. Statistical properties of the types of complex structure and motion characterizing protein molecules have been studied using various approaches, in particular, that employing energy landscapes [1] . Recently, with a computation of the density of states for a Gō-like model of a protein, statistical properties were investigated using the idea of inherent structures [2] . An inherent structure is a subset of the configuration space that represents the local minima of an energy landscape, originally proposed to study the dynamics of liquids [3] . Although the idea of inherent structures is very important to understand protein dynamics, it is difficult to directly experimentally investigate the inherent structures of a protein. For this reason, it would be useful if we could characterize FIG. 1: Schematic depiction of the myosin molecule (1KK7 [17] ). The horizontal axis denotes the x direction, and the vertical axis denotes the y direction. According to our convention, the α-carbon atoms, Cα with with i = 1, · · · , 770 belong to the head substructure (white), and those with i = 771, · · · , 1101 belong to the tail substructure (gray). See the next section for the way how to number Cα atoms.
the energy landscape of a protein in forms of experimentally measurable quantities, such as a density correlation function or a density response function.
In structure glasses, which, like protein molecules, also possess energy landscapes with many local minima, statistical properties are often studied by computing the density correlation function and the density response function [4, 5, 6, 7, 8, 9] . In equilibrium, these quantities satisfy the fluctuation-response relation, a representative relation in the fluctuation-dissipation theorem [10] . This relation means the equality of the ratio of the density correlation function to the density response function and the temperature of the environment [10] . For glassy systems, which exhibit slow relaxation and are inherently non-equilibrium, it has been reported that the fluctuation-response relation is violated [4, 5, 6, 7, 8, 9] ; that is, the ratio of the relevant density correlation function and density response function is not equal to the temperature of the environment. The slow relaxation displayed by a glassy system, which results from the nature of its energy landscape, with many local minima, can be characterized by a quantity representing the degree of violation of the fluctuation-response relation. In some cases that the fluctuation-response relation is violated, the ratio of the density correlation function to the density response function has interpreted as an "effective temperature," and there are studies addressing the question of whether this effective temperature can play the role of the temperature in non-equilibrium systems [4, 5, 6, 7, 8, 9] .
In this paper, we report the results of simulations of molecular dynamics employing an elastic network model of sub-fragment 1 of a myosin molecule, which is composed of a head substructure, with ATP-binding and actin-interacting sites, and a tail substructure, with a long alpha-helix bound by two light chains (see Fig. 1 ). With the hypothesis that appropriate density correlation function and density response function, which have not yet been fully exploited in studies of protein dynamics, can be used to characterize the glassy behavior of pro-tein molecules, we compute such quantities in the case of a quenched system. While elastic network models have been used to study the elastic properties of equilibrium fluctuations [11, 12] , such models have not been used to study non-equilibrium behavior. In this paper, we show that glassy, non-equilibrium behavior can also be described with this class of models.
Because the effective temperature that we employ represents the degree to which the behavior of the system is "glassy," we quantitatively investigate the complexity of the myosin's head through use of this effective temperature. More specifically, we compute the values of the effective temperature for both the head and the tail, and we compare these values with the temperature of the environment. We also seek to elucidate the origin of the observed glassy behavior through analysis that investigates the inherent structures [3] . We find that the inherent structure for the model we study has a resemblance to the structure of a structural isomer of myosin determined by X-ray crystallography.
II. ELASTIC NETWORK MODEL
In our study, a protein molecule is regarded as consisting of α-carbon atoms, C α , employing a coarse-grained representation of amino acid residues [13, 14, 15] . A C α atom is a constituent of the carbon skeleton of a protein molecule.
The position and velocity of the i-th C α in a myosin molecule are denoted by r i = (x i , y i , z i ) and v i = (v xi , v yi , v zi ), where i = 1, · · · , N , and N is the total number of C α atoms in the myosin molecule. Here, C α atoms are numbered in the order of the heavy chain, the essential light chain and the regulatory light chain.
The Hamiltonian of our model is given by
where m is the mass of the i-th C α , and V ({r i }) is the interaction potential
We stipulate that k ℓ = 0 (ℓ = 1, 2, 3) if |r [16] . Here, we chose the values of r 0 i so as to obtain the structure of the myosin molecule 1KK7 [17] . Also, these values are such that the center of mass is at (0, 0, 0) and the unit of length isÅ.
The function V trap ({r i }) that appears in (1) is a trapping potential that plays the role of an optical potential, acting to fix the molecule. This potential is given by
The time evolution of the system is described by the Langevin equation
where
is Gaussian white noise that satisfies
Here, T is the temperature of the environment (with the Boltzmann constant set to 1), and γ is the friction constant of the solvent. Here, denotes the average over all noise histories. We set the parameters used in our numerical simulations as m = 1, γ = 0.01, k 1 = 1, N = 1101 and r c = 10.
III. EQUILIBRIUM BEHAVIOR: FLUCTUATION-RESPONSE RELATION AT HIGH TEMPERATURE
In equilibrium, the ratio of the density correlation function to the density response function is equal to the temperature of the environment. This relation among the density correlation function, the density response function and the temperature of the environment is called the fluctuation-response relation (For a review of the fluctuation-dissipation theorem, including the fluctuation-response relation, see Ref. [10] ).
In order to examine whether the fluctuation-response relation holds for our system, we first introduce a density response function. In this section, we consider the relaxation process that results in the case that the system is initially in equilibrium, and then at t = 0 the perturbing potential
is added to the Hamiltonian (1). Note that we consider a perturbation along the y direction, which is approximately parallel to the long axis of the myosin (see Fig.  1 ). We have also studied the cases with perturbations along different directions, and the results obtained in all cases are qualitatively the same as those obtained along the y direction. In this relaxation process, the susceptibility, χ(t), is defined as
where Vp denotes the statistical average under this relaxation process. Writing the density in the y direction as ρ(y, t) ≡ N i=1 δ(y − y i (t))/N , we denote its Fourier transform byρ(k, t):
cos(ky i (t)).
Next, we define the density correlation function, which is computed in equilibrium without adding V p , as
Then, the following is one representation of the fluctuation-response relation:
where t ≥ 0 [10] . Here, the density response function, R(t), defined as the time derivative of χ(t):
In numerical experiments, we computed χ(t) in order to investigate the behavior of R(t).
In the upper graph of Fig. 2 , χ(t) and C(t) are plotted as functions of time with T = 0.8, k = 2π/10 and ∆ = 0.05. In the lower graph of Fig. 2 , χ(t) is plotted as a function of C(t). The fact that the slope of the lower graph is −1/T indicates that the fluctuation-response relation (11) holds in equilibrium (the high temperature regime). Note that we set k = 2π/10 here because the lengths of the alpha helices in myosin are of the order of 10Å. Glassy behavior of the density correlation and the density response is observed in the case k = 2π/ℓ with ℓ ≥ 10, as described below.
IV. NON-EQUILIBRIUM BEHAVIOR I: GLASSY PHENOMENON AT LOW TEMPERATURE
In this section, we consider simulations in which we quenched the system from T = 0.5 to T = 0.05 in order to investigate its glassy behavior. In this model, room temperature roughly corresponds to T = 0.1, which is estimated by comparing the mean square fluctuations of the C α atoms in the model with those obtained in an allatom model (data not shown). Therefore, the quenched temperature T = 0.05 roughly corresponds to 150 K, which is below the glass transition temperature of a real protein [18] . Note that myosin remains in a folded form even under conditions corresponding to T = 0.5.
In our simulations, we quench the system at t = −t w , and then we begin investigating the behavior of the system at t = 0. The quantity t w is called the "waiting time." In general, relaxational glassy systems do not possess invariance with respect to time translation, and both correlations and responses decay more slowly as the age of the system increases. Thus, in such systems, correlation functions and response functions depend on t w .
In order to elucidate the glassy behavior of our system, we first introduce the auto-correlation function 
8, 9]
.) The quantity F (t, t w ) is a measure of the similarity of the configuration of the system at time t to that at time 0; note that the quantity cos (y i (t) − y i (0)) is equal to 1 at t = 0 and decreases as t increases. The second term on the righthand side of (13) ensures that F (t, t w ) = 0 for large t, because the configuration of the system, {r i (t)}, fluctuates about that of the native structure, {r 0 i }, at large t. Computing F (t, t w ), we canelucidate the slow relaxation of the configuration of the system. In Fig. 3 , we plot F (t, t w ) as a function of time for the case t w = 100. The form of the decay, which is not exponential, reveals the slow relaxation of the configuration.
V. NON-EQUILIBRIUM BEHAVIOR II: VIOLATION OF THE FLUCTUATION-RESPONSE RELATION AT LOW TEMPERATURE
In an aging system, the susceptibility, density response function and density correlation function, which depend on t w , are defined by
Note that
Vp tw denotes the statistical average under the condition that we quench the system at t = −t w , and switch on the perturbation potential given by (7) at t = 0. In the upper graph of Fig. 5 , C(t, t w ) and χ(t, t w ) are plotted as functions of time for the case t w = 100. The relaxations of C(t, t w ) and χ(t, t w ) seem to be slow in comparison with those of C(t) and χ(t) found in the equilibrium case with T = 0.8 (see the upper graph in Fig. 2 ).
In the lower graph of Fig. 4, we plot χ(t, t w ) as a function of C(t, t w ) for the cases t w = 100 and t w = 200. It is seen that there are two slopes, characterizing two time regimes, unlike in the equilibrium case (see the lower graph in Fig. 2) . The results plotted in Fig. 2 suggest that in the early regime, the form of χ(t, t w ) as a function of C(t, t w ) approaches a line of the slop −1/T , where T = 0.05, as t w increases. (See Fig. 16 of Ref. [9] for such observation of similar behavior.) In the late time regime, the form of this function is again a line, but in this case, the slope differs significantly from −1/T . (Also note that in this case, similar linear behavior is observed for both t w = 100 and t w = 200.) Such behavior of χ(t, t w ) and C(t, t w ) is often observed in aging systems, including structure glasses [4, 5] and spin glasses [4, 6] . In an aging system, the slope of χ(t, t w ) as a function of C(t, t w ) in the late regime is −1/T eff where T eff is called the effective temperature, and is defined through the relation
We interpret this behavior as indicating that in the early regime, the system relaxes toward the local equilibrium represented by a meta-stable state, while in the late regime, the system wanders among many meta-stable states, as it evolves toward the minimum of the free energy of the system. These two kinds of relaxational processes exhibited by an aging system are characterized by the two slopes −1/T and −1/T eff . The fact that T eff = T represents a violation of the fluctuation-response relation in this aging system. The lack of invariance with respect to time translation and the violation of the fluctuation-response relation are a basic properties of relaxational glassy systems. The effective temperature T eff denotes the difference of the system from equilibrium.
Before ending this section, we note an important point regarding T eff . The inequality T eff > T is observed in many glassy systems [4, 5, 6, 7, 8, 9] . However, because there are counterexamples, the universality of this inequality has not yet been established. Here, we found T eff > T in the elastic network model. Possible implications of this inequality in biological contexts are discussed below.
VI. T eff FOR THE HEAD AND TAIL
One of the biggest differences between a structure glass and a protein is that a protein has characteristic substructures that are believed to cause a smoothing of the energy landscape, which makes the collective motion necessary for biological functions possible. As mentioned above, a myosin molecule is composed of a head, with ATP-binding and actin-interacting sites, and a tail, with a long alpha-helix bound by two light chains. It is interesting to compare these two parts with respect to T eff . For this purpose, we investigated the density response function and density correlation function for the head (i = 1, · · · , 770) and the tail (i = 771, · · · , N ), and computed T eff for each. We define the Fourier transform of the density for the head and tail aŝ
Then, we useρ h (k, t) andρ t (k, t) instead ofρ(k, t) in (14) and (16) . Also, letting N h = 770 and N t = N − 770 be the total numbers of C α atoms in the head and tail, respectively, we use these in place of N in (14) and (16) . We note here that when computing the response functions, we add a perturbing potential of the form given in (7) only to the substructure under investigation.
In for both the head and the tail, respectively. We find that the effective temperature, T eff , for the head is higher than that for the tail. This implies that the structure of the head is more glassy than that of the tail.
VII. DISCUSSION
In conclusion, we investigated the glassy behavior of an elastic network model of the myosin molecule by studying the density correlation function and the density response function in the case that we quench the system from T = 0.5 to T = 0.05. The glassy behavior is displayed in Figs.  4 and 5 , where the susceptibility, χ(t, t w ), is plotted as a function of the correlation function, C(t, t w ). We found that T eff defined in (17) was not equal to T , and thus that the fluctuation-response relation is violated. We also compare the degrees of the violation of the fluctuationresponse relation for both the head and tail substructures of myosin, individually, and we found that T eff is higher for the head than for the tail. In the following, we discuss two points related to these main results.
A. Effective temperature of the myosin molecule
Although further studies are required to ascertain physically clear interpretations of the effective temperature, the fact that T eff is higher than T is intriguing, because it may be related to energy transduction taking place after ATP hydrolysis in a myosin molecule.
An acto-myosin system, of which a myosin molecule is a component, is a representative motor-protein system, and it has been studied in single-molecule experiments [19, 20, 21] . Upon binding of ATP to a myosin molecule, the myosin molecule detaches from an actin filament. ATP hydrolysis takes place in the detached myosin molecule. The products of the ATP hydrolysis (ADP and an inorganic phosphate) are then released from the myosin molecule, which are thought to be coupled with the force exertion and with the re-attachment of myosin to the actin filament. Recently, a singlemolecule experiment on an acto-myosin system demonstrated that the force exertion of the myosin molecule sometimes occurs after the release of the bound ADP [19] . This fact leads us to believe that the energy provided by the ATP hydrolysis might be stored in the myosin molecule for a short time before the force is exerted. If this is indeed the case, it is important to determine the form in which this energy is stored. The effective temperature, T eff , might help us solve this problem. Because ATP hydrolysis takes place only in the head, and because T eff is higher in the head than in the tail, it is reasonable to conjecture that this energy storage has a close connection with the inequality T eff > T . To elucidate this connection is a future problem.
B. Inherent structures
Next, we discuss the origin of the glassy behavior observed in the elastic network model we study. In Fig. 6 , we plot E IS , which is the total potential energy, V + V trap , when the system is at a local minimum in the energy landscape, as a function of time. The quantity E IS is computed by using the steepest-descent energyminimization method, as has been employed in Ref. [3] , in the case t w = 100. From the rather discretized forms of the trajectories, it is seen that the system moves from one meta-stable state to another. We stress that the elastic network model described by (2) is not a harmonic system, and hence can possess local energy minima, although the model may appear to be a harmonic system (Actually, existense of local energy minima in an elastic network model is indicated in Ref. [22] ).
It would be interesting to examine the difference between the native structure and the structures corresponding to the local energy minima (i.e., inherent structures). The upper graph of Fig. 7 , displays the difference |y IS i −y 0 i | between the positions of the C α atoms in the inherent structure and in the structure, 1KK7, where {y IS i } is the y value of the position of the i-th C α atom in the inherent structure. From this graph, it is seen that the differences for some of the C α atoms are as much as 10 Aand that those C α which exhibit such large displacements are not localized but, rather, clustered.
Several structural isomers of myosin have been experimentally found by using X-ray crystallography [23] . The structure we studied here, 1KK7, is one with no nucleotide bound. Therefore, it would be interesting to compare the inherent structures with those of myosin isomers. As an example, we compare one of these inherent structures with the structure of the myosin isomer with an ATP-analog bound, 1KK8 [17] graph in Fig. 7 shows that there is a resemblance between the inherent structure and the structure of the myosin isomer, with relatively large displacements seen near the N-terminal domain, the lower-50k domain, and the converter domain. This suggests that the elastic network model contain information concerning the structures of other isomers. Using a normal mode analysis for an elastic network model of a myosin molecule, Zhen and Doniach have shown that a structural isomer is located along the directions of some of the slowest modes of the structure [11] . Our results appear to be consistent with their results. Furthermore, our results indicate the meta-stability of the isomer. We believe that our results may lead to an extension of the applicability of the elastic network model of proteins, noting that it has been shown that this model can even be applied to the study of protein folding [24] and the investigation of nonlinear relaxation dynamics [22] . To elucidate the range of applicability of the elastic network model, we need to systematically study its meta-stable states for many kinds of proteins. 
